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have both been shown to be independent predictors of 
both CV and all-cause mortality in these subjects.[6-9] It 
is probable that cardiovascular disease (CVD) starts to 
develop earlier in CKD offering the possible benefit of 
early risk modification.
Most studies in renal patients were done using aortic 
pulse wave velocity, which is an indirect measure of 
arterial stiffness. Furthermore, the subjects in most 
of these studies had advanced CKD.[6-9] Here, we have 
assessed arterial stiffness by directly examining the 
carotid artery using tissue Doppler imaging (TDI) and 
the IMT in the same subjects with mild renal disease. The 
aim is to assess whether there is any difference in directly 
measured arterial stiffness and IMT between those 
with normal subjects and those with mild CKD, and to 
investigate, which putative predictors of CV events – IMT 
or arterial stiffness – differ most between subjects with 
normal renal function and those with mild CKD.
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ABSTRACT
There is increased cardiovascular (CV) mortality in subjects with chronic kidney disease (CKD). Arterial stiffness in these 
subjects is increased when compared to a healthy population. Markers of arterial stiffness and intima media thickness (IMT) are 
predictors of CV mortality. The aim of this study was to investigate whether there is any difference in markers of arterial stiffness 
and IMT between subjects with normal renal function and those with mild renal disease. The arterial distension waveform, 
IMT, diameter, and brachial blood pressure were measured to calculate Young’s modulus (E) and elastic modulus (Ep) in the 
common carotid arteries of subjects with normal kidney function (estimated glomerular filtration rate [eGFR] >90) and those 
mild CKD (stage 2, eGFR 89–60). Data were available for 15 patients with normal kidney function and 29 patients with mild 
CKD. The subjects with mild CKD were older, but other co‑variables were not significantly different. Both arterial wall stiffness 
parameters (E and Ep), but not IMT were significantly higher in the mild CKD group. Logistic regression demonstrated that 
only the arterial wall stiffness parameters (Ep and E) were independently associated with mild renal disease compared with 
normal, in a model adjusting for sex, age and diabetes and history of cardiovascular disease (CVD). E and Ep may be early 
markers of CVD in subjects with mild CKD that may manifest change before other more recognized markers such as IMT 
and pulse pressure.
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Background
Chronic kidney disease (CKD) is associated with high 
cardiovascular (CV) morbidity and mortality. The risk 
increases exponentially with increasing severity of 
CKD.[1-4] Subjects with CKD have been shown to have 
increased arterial stiffness.[5] Increased arterial stiffness 
and increased carotid intima media thickness (IMT) 
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Methods
Subjects
Subjects were recruited from nonrenal outpatient clinics 
at the Heart of England NHS Foundation Trust. These 
subjects were attending hospital with non-cardiovascular 
problems such as herniae, simple skin lesions, and 
benign urological disease. All participants were subject 
to similar scrutiny in order to determine their renal 
status. The patients were divided according to estimated 
glomerular filtration rate (eGFR) into normal kidney 
function	(eGFR	≥90	ml/min/1.73	m2) and those with 
mild CKD (eGFR between 89 and 60 ml/min/1.73 m2).
All subjects recruited into the study provided fully 
informed written consent. Ethical approval was granted by 
Birmingham East District Research and Ethics Committee. 
All subjects completed a questionnaire regarding past 
medical history and medications used.
Intima media thickness measurement
Far wall IMT was calculated from the same segment of the 
left common carotid artery (CCA) in the same cineloop as 
arterial distension waveform (ADW) using an automated 
edge detection program examining the B-mode image (IMT 
plug-in, HDI-Lab, Philips Medical Systems, Bothell, WA, 
USA). This method is well-recognized and has been used in 
previous published research with good reproducibility.[10-11] 
Mean IMT for the far wall in all frames across all cardiac 
cycles captured in the cineloop was used, in view of 
published advice that IMT changes across the cardiac cycle 
and that measurement of IMT in the far wall as opposed 
to the near wall is more accurate.[12]
Arterial distension waveform capture
This method has been described in detail previously,[13] 
and is in agreement with the standardization of subject 
conditions recommended by the Expert consensus document 
on arterial stiffness.[14] Briefly, all subjects were rested for 
5 min prior to measurement, and were placed supine on an 
adjustable couch, with a pillow under their head to minimize 
movement. The artery was imaged longitudinally using 
the L12/5 linear array of an HDI 5000 ultrasound imaging 
system (Philips Medical Systems, Bothell, WA, USA), and 
scan-plane alignment was performed using B-mode imaging 
to ensure that echoes from the intima-media layers were 
clearly visible. TDI was enabled and real-time images 
collected over at least three cardiac cycles were saved to 
disc. The data were transferred off-line for analysis.
Arterial distension waveform analysis and calculation 
of indices of arterial stiffness
Indices of arterial stiffness can be divided into two types: 
Indices of “structural stiffness” and indices of “material 
stiffness”.[15] Indices of structural stiffness are descriptors 
of the overall stiffness of the wall of an artery, and 
describe the elastic behavior of the whole arterial wall 
at the point of measurement, such as the pressure strain 
elastic modulus (Ep).[16] Indices of material stiffness 
describe the physical properties of the substance that 
makes up the subject body such as Young’s modulus (E). Ep 
requires measurement of the fractional arterial distension 
from diastole to systole, together with the corresponding 
blood pressures and is calculated by the following formula:
Ep = (∆p * d)/∆d
where d	 is	 diameter,	 ∆p is systolic minus diastolic 
pressure,	and	∆d is the difference in diameter at systole 
and diastole. Calculation of E requires measurement of 
wall thickness as well and is given by:
E = (d/2h) * Ep
where h is the wall thickness.
After transfer of the raw cineloop to the personal computer, 
a commercial software analysis package (HDI-Lab, Philips 
Medical Systems, Bothell, WA, USA) was used to obtain 
wall distension waveforms from the TDI data. The 
core feature of this technique is that TDI data provide 
information on wall velocity as a function of time. Wall 
distension is then calculated by integration of velocity 
with respect to time. This is performed for each scan-line 
of the TDI image, providing some 40 measurements of 
the distension-time waveform over a 2 cm length of 
artery. The mean arterial diameter change (MADC) was 
calculated from all lines in all cardiac cycles in which the 
arterial diameter change was calculated by measuring 
the maximum excursion for each line and then taking 
the mean of all these values. E and Ep were calculated 
separately using MADC, arterial diameter, IMT, and pulse 
pressure (PP) data for the respective carotid artery.
Blood pressure measurement
Three blood pressure measurements in the right brachial 
artery using a Critikon automatic blood pressure 
manometer (GE Healthcare, Bucks, UK) were taken 
before, during and after the time the ADW was captured, 
whilst the patient remained supine. PP was calculated 
by subtracting diastolic from systolic blood pressure. 
Hypertension and hypercholesterolaemia were defined 
as history of taking anti-hypertensive medication and 
statin respectively.
Estimates of renal function
The absence of kidney disease was defined by 
the absence of proteinuria on dipstick test and by 
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eGFR	≥90	ml/min/1.73	m2, demonstrated on samples 
taken within 6 months of participation in this study. The 
GFR was estimated from serum creatinine, using the 
modification of diet in renal disease study equation.[17] 
Serum creatinine was measured by a modified Jaffé test. 
For the purpose of this study, mild CKD was defined as 
eGFR between 60 and 89 ml/min/1.73 m2 (CKD stage 2). 
Stages of CKD were defined according to the level of GFR 
as recommended by the National Kidney Foundation 
Kidney Disease Outcomes Quality Initiative clinical 
practice guidelines for CKD.[18]
Subjects were recruited and divided into two distinct groups: 
Normal renal function, (eGFR >90 ml/min/1.73 m2) and 
mild CKD (eGFR 89–60 ml/min/1.73 m2, CKD stage 2).
Statistical analysis
The median and range of E, Ep, and IMT over both 
groups were examined with box plots. Comparison on 
mean values was performed with Student’s t-test after 
log transformation. Multiple regression analysis of the 
relationship between E, Ep, and IMT with eGFR was 
carried out, adjusting for age. All statistical calculations 
were performed using Stata 8.1 for Windows (STATA, 
Stata Corporation, College Station, TX, USA).
Results
We assessed elastic properties of the left CCA in 44 
subjects, 15 with normal kidney function, and 29 with mild 
CKD. Subject demographics and coexisting morbidities 
are detailed in Table 1. There was no significant difference 
between the two groups in comorbidities. However, the 
mild CKD group was significantly older. Box plots of E, Ep, 
PP, and IMT against CKD group are shown in Figures 1-3. 
Both E and Ep were significantly increased in the early 
CKD group compared with the normal kidney function 
group. There was no difference between the groups in 
PP or IMT. Table 2 shows the results.
We used a multiple regression analysis to assess the 
association of E, Ep, PP, and IMT with eGFR. Both indices 
of arterial stiffness were significantly negatively associated 
with eGFR, while PP and IMT were not [Table 3]. In all 
cases, we used the same model adjusting for age, presence 
of any form of CVD, smoking status, and diabetes.
Discussion
In this study, investigating using TDI of carotid artery, 
we have shown that indices of arterial stiffness are 
significantly related to renal dysfunction. Furthermore, 
we have found that there is a significant difference in 
arterial stiffness between those with normal kidney 
function and those with mild CKD group. E and Ep were 
independent predictors of mild renal impairment in a 
logistic regression model adjusting for age, sex, diabetes, 
and CVD. IMT was found not to be significantly different 
in the same subjects.
The difference in E and Ep between normal and mild 
CKD groups suggests that that there is an increase in 
both the material and overall structural stiffness of the 
arterial wall early in the development of renal disease. 
This may occur before other markers of CVD are 
apparent such as increased IMT. This may be because 
Table 1: Main characteristics of study population divided 
per kidney function
Characteristic Normal Mild CKD P
Number 15 29
Male (%) 9 (64) 20 (67) 0.57
Age median (IQR) 45 (30‑60) 57 (47‑67) 0.04
Cardiovascular disease (%) 0 (0) 4 (14) 0.18
Diabetes (%) 3 (20) 3 (10) 0.39
Hypertension (%) 2 (13) 8 (28) 0.45
Hyperlipidemia (%) 2 (13) 3 (10) 1.0
Nonsmokers (%) 5 (33) 12 (41) 0.31
Mean SBP (SD) 138 (16) 148 (28) 0.22
Mean DBP (SD) 82 (3) 84 (3) 0.64
eGFR (ml/min/1.73 m2) 92 (91‑100) 75 (67‑80) <0.0001
Numbers per groups with percentages in brackets. Continuous values expressed 
as median and IQR. Fisher’s exact test was used to compare proportions and 
Wilcoxon rank sum test to compare continuous variables. CKD: Chronic kidney 
disease, IQR: Interquartile range, SBP: Systolic blood pressure, DBP: Diastolic 
blood pressure, eGFR: Estimated glomerular filtration rate, SD: Standard deviation
Table 2: Association of indices of arterial wall stiffness 
and IMT with renal impairment
Variable Normal Mild CKD P
E 438 (340; 537) 712 (572; 852) 0.0005
Ep 102 (82; 121) 178 (141; 214) 0.0009
IMT 0.84 (0.71; 0.97) 0.81 (0.73; 0.89) 0.67
PP 59 (52; 67) 62 (56; 69) 0.52
Normal subjects were compared with subjects with mild renal impairment 
and subjects with mild renal impairment. Young’s modulus (E) and Elastic 
modulus (Ep) are expressed in kPa. IMT in mm and PP in mm Hg. Mean values 
and 95% confidence intervals of the mean values are shown. Groups were 
compared with a Student’s t‑test after log transformation. CKD: Chronic kidney 
disease, IMT: Intima media thickness, PP: Pulse pressure
Table 3: Results of multiple regression model of association 
between eGFR and indices of arterial stiffness, IMT and PP
Variable Coefficient 95% CI P
E −0.01 −0.03; −0.002 0.03
Ep −0.06 −0.12; −0.05 0.03
IMT 10.9 −11.5; 33.3 0.33
PP −0.11 −0.42; 0.20 0.46
Regression model of indices of arterial stiffness and IMT of normal subjects 
and subjects with mild renal impairment. Young’s modulus (E) and Peterson’s 
modulus (Ep) are expressed in kPa. IMT in mm and PP in mm Hg. Regression 
coefficient and 95% CIs of the regression coefficient are shown. The same model 
adjusting for age presence of any form of cardiovascular disease, smoking 
status, and presence of diabetes was used to compare all four variables with 
glomerular filtration rate. IMT: Intima media thickness, PP: Pulse pressure, 
CI: Confidence interval
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mechanisms from that found in a normal population. 
Putative mechanisms include changes in the quantity[19] 
and elasticity[20] of extracellular collagen together with 
medial calcification.[21]
Increase in arterial stiffness in CKD, assessed by pulse 
wave velocity, has been shown by others.[22-25] Most of 
these studies included patients with more advanced CKD. 
Moreover, in contrast to these studies, we carried out 
direct measurement of indices of arterial stiffness using 
TDI. We did not measure pulse wave velocity in our cohort 
which would be useful to compare.
Increased carotid IMT secondary to hypertension 
and wall stress has been noted in CKD patients,[19] 
but this may be a late change, as we did not find any 
significant increase in IMT in our study, which involved 
patients with normal kidney function and those with 
mild CKD (eGFR 89–60 ml/min/1.73 m2). Similar 
observation has been made by a Japanese study.[26] 
However, in contrast to our study, this study defined 
kidney disease as eGFR <60 ml/min/1.73 m2 and/
or presence of proteinuria. While in the absence of 
proteinuria data (or measured GFR) the diagnosis of 
mild CKD is less secure, it is interesting to note that the 
observations are similar in the two studies.
We used carotid IMT as an estimation of the arterial 
wall thickness to calculate E. However, IMT is not a 
measurement of entire arterial wall thickness and 
represents the intima and the tunica media of the carotid 
artery.[27] Both Pignoli and Wong have demonstrated that 
ultrasonic estimation of IMT was accurate when compared 
to histological verification, as long as the far wall of the 
insonated artery was examined, a practice that we have 
followed. Wong suggested that the adventitial layer 
contributes 25% of the thickness of carotid arterial 
walls by histological analysis, but that the adventitial 
layer is not recognized by ultrasound consistently or 
accurately.[28,29] Clearly the adventitial layer of an artery 
has important mechanical properties. In a study of 
human femoral arteries, Schulze-Bauer estimated that 
the adventitial layer carried approximately 25% of the 
arterial wall load.[30] In line with previous studies of this 
nature we have not attempted to correct for the lack of 
measurement of the adventitial layer in our estimation 
of wall thickness.[31] We believe this does not alter our 
conclusions as we used the same measurement method 
and calculations for all subjects and a change in wall 
thickness of 25% or less would not alter the statistical 
significance of our results. Furthermore, it is widely 
accepted that most structural changes in the arterial wall 
in response to ageing and disease are believed to be in 
the intima and media.[32,33]
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Figure 1: Box plot of E per chronic kidney disease stage group. CKD stage 1 
and CKD stage 2 represented in order across x‑axis. E scale on y‑axis in KPa
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Figure 2: Boxplot of Ep per chronic kidney disease (CKD) stage. Normal 
(1) and mild CKD (2) represented in order across x‑axis. Ep scale on y‑axis 
in KPa
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Figure 3: Box plot of IMT per chronic kidney disease stage group. CKD 
stage 1 and CKD stage 2 represented in order across x‑axis IMT scale on 
y‑axis in mm
the observed increase in the arterial wall stiffness in 
subjects with renal disease occurs due of different 
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A recent population based study, involving subjects with 
stages 2 and 3 CKD, has shown that carotid IMT and 
Young’s modulus, along with carotid diameter and PP, 
increase with lower eGFR. They also found a similar 
association with urinary albumin excretion even below 
the conventional microalbuminuria range and this was 
independent of eGFR. On the basis of these findings, 
they concluded that both eGFR and albuminuria should 
be interpreted as an independent risk factors for CVD.[34] 
Our observations support this view and that changes 
of arterial stiffness take place at a very early stage in 
the natural history of CKD, even before CKD becomes 
clinically significant.
Our study suggests that changes in arterial stiffness may 
be more sensitive markers of early CVD in subjects with 
mild renal disease. However, the numbers involved in this 
study are small and as such this needs to be confirmed in 
larger longitudinal studies.
Conclusions
This study, using TDI of CCA, has shown a statistically 
significant increase in both material and structural arterial 
stiffness as measured by E and Ep, respectively in subjects 
with mild renal disease compared with those with normal 
renal function. Our findings suggest that the changes in 
the arterial wall occur very early in the course of CKD and 
may explain, at least in part, the high CV risk associated 
with even mild to moderate CKD.
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